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ABSTRACT
Extremely metal poor (EMP) stars in the Milky Way inherited the chemical composi-
tion of the gas out of which they formed. They therefore carry the chemical fingerprint
of the first stars in their spectral lines. It is commonly assumed that EMP stars form
from gas that was enriched by only one progenitor supernova (‘mono-enriched’). How-
ever, recent numerical simulations show that the first stars form in small clusters.
Consequently, we expect several supernovae to contribute to the abundances of an
EMP star (‘multi-enriched’). We analyse seven recently observed EMP stars from
the TOPoS survey by applying the divergence of the chemical displacement and find
that J1035+0641 is mono-enriched (pmono = 53%) and J1507+0051 is multi-enriched
(pmono = 4%). For the remaining five stars we can not make a distinct prediction
(pmono . 50%) due to theoretical and observational uncertainties. Further observa-
tions in the near-UV will help to improve our diagnostic and therefore contribute to
constrain the nature of the first stars.
Key words: early Universe – stars: Population II – stars: Population III – stars:
abundances
1 INTRODUCTION
The gas in the early Universe consists only of hydrogen,
helium and trace amounts of lithium until the first stars
dramatically changed this picture a few hundred million
years after the Big Bang. The supernova (SN) explosions
of the first, so-called Population III (Pop III), stars cre-
ated the first heavy elements, which enriched the interstellar
and intergalactic medium. Primordial gas has lower radia-
tive cooling rates compared to metal-enriched gas and we
consequently expect the characteristic clump mass of ther-
modynamically induced fragmentation in metal-free gas to
be higher (Omukai et al. 2005). Therefore, also the first stars
have been suggested to have higher masses, on average, com-
pared to present-day stars (Bromm et al. 1999; Abel et al.
2000). Despite intensive research, their initial mass function
(IMF) is still a matter of ongoing debate. However, their
IMF and corresponding feedback efficiency is crucial to un-
derstand galaxy formation, reionization, and the formation
of the first supermassive black holes.
Extremely metal-poor (EMP) stars in the Milky Way
have formed in the early Universe and still carry the char-
? E-mail: tilman.hartwig@ipmu.jp
acteristic chemical fingerprint of their birth environment.
Spectroscopic observations of such EMP stars allow to de-
rive their atmospheric abundances and compare these to the
theoretical yields of SN explosion models from metal-free
stars. With this approach, several groups have successfully
derived mass estimates of individual Pop III stars (Nomoto
et al. 2006; Ishigaki et al. 2014; Tominaga et al. 2014; Keller
et al. 2014; Ji et al. 2015; Placco et al. 2015, 2016; Fraser
et al. 2017; Chen et al. 2017; Ishigaki et al. 2018). How-
ever, a main assumption of these models is that exactly one
Pop III SN contributes to the metal enrichment of the gas
out of which EMP stars form. We have shown in a previ-
ous study that also multi-enrichment by several SNe has to
be taken into consideration (Hartwig et al. 2018), in agree-
ment with numerical simulations that also show that Pop III
stars form in small clusters (Turk et al. 2009; Stacy et al.
2010; Greif et al. 2011; Clark et al. 2011; Hirano et al. 2014;
Hartwig et al. 2015) and previous observations that also sug-
gest multi-enrichment (Limongi et al. 2003). In this paper,
we analyse observed EMP stars and derive the number of
supernovae that have enriched the gas out of which they
formed.
The Turn-Off Primordial Stars (TOPoS) survey has
been designed to detect EMP turn-off stars in the Galac-
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tic halo in order to constrain the properties of the first and
second generation of stars (Caffau et al. 2013). For these un-
evolved stars, their atmospheric abundances are unaltered
since their formation. Based on a photometric pre-selection
with VLT and high-resolution spectroscopic follow-up with
UVES, Bonifacio et al. (2018) have recently presented seven
new EMP stars with a metallicity1 of [Fe/H]. −3.5. The to-
tal number of observed EMP stars in this metallicity range
is only . 100 (Suda et al. 2008; Abohalima & Frebel 2017).
In this paper, we connect the chemical abundances of
the TOPoS stars to the supernova yields of their potential
progenitor stars. For the first time, we derive the probabil-
ity that the gas out of which these EMP stars formed was
enriched by only one previous SN and demonstrate that six
of the seven stars show signatures of multi-enrichment.
2 METHODOLOGY
To derive the probabilities of mono-enrichment, we apply
two independent techniques, recently advocated by Hartwig
et al. (2018). To further determine the most likely progeni-
tor of an EMP star, we apply the fitting routine by Ishigaki
et al. (2018). The theoretical yields of the SN explosions are
based on Nomoto et al. (2013) and for the faint SNe on Ishi-
gaki et al. (2014). We do not include lithium in our diagnos-
tics due to still unconstrained lithium depletion mechanism,
especially at low metallicities (Matsuno et al. 2017).
2.1 Semi-Analytical Model
We apply a semi-analytical model that is based on Hartwig
et al. (2015) with recent improvements by Magg et al.
(2018). The model uses MW-like dark matter merger trees
from the Caterpillar simulations (Griffen et al. 2016) and
determines the formation sites of the first and second gener-
ation of stars self-consistently. Chemical and radiative feed-
back are taken into account and we distinguish between in-
ternal and external metal enrichment (for more details, see
Hartwig et al. 2018). After an event of Pop III star forma-
tion in a minihalo we wait for a specific time (of the order
10 − 100 Myr) for the gas to cool and recollapse. Then, we
sum all elements that have contributed to the metal en-
richment of this halo and trigger the formation of second
generation stars.
We do not account for inhomogeneous mixing of the
ISM or surface pollution of the stars after their formation,
which could lead to systematic differences between the SN
yields and the observed atmospheric abundances (Yoshii
1981; Hattori et al. 2014; Johnson 2015; Shen et al. 2017;
Tanaka et al. 2017; Tanikawa et al. 2018). We instead assume
that the chemical composition of the star-forming cloud is
the same as the composition of the resulting EMP stars and
the same as their chemical abundance observed at z = 0.
We then determine which stars formed out of gas that
was enriched by only one SN (‘mono-enriched’) and which
1 Defined as [A/B] = log10(mA/mB) − log10(mA,/mB,),
where mA and mB are the abundances of elements A and B and
mA, and mB, are the solar abundances of these elements (As-
plund et al. 2009).
stars formed out of gas that was enriched by more than
one SN (‘multi-enriched’). The ratio of these two classes of
stars as a function of their chemical abundances yields the
probability of mono enrichment,
pmono =
Nmono
Nmono +Nmulti
, (1)
where Nmono and Nmulti are the number of mono- and multi-
enriched stars for a certain chemical composition. To ac-
count for theoretical and observational uncertainties we con-
volve this probability distribution with a Gaussian kernel of
width 0.5 dex (Nomoto et al. 2013; Ishigaki et al. 2018).
Based on our assumptions on star formation in the early
Universe, the probability for a second-generation star to be
mono-enriched is on average only ∼ 1%. However, for EMP
stars with metallicities [Fe/H] . −3.5 this probability is on
average pmono > 20% (Hartwig et al. 2018).
2.2 Divergence of the Chemical Displacement
We briefly describe our new diagnostic based on the diver-
gence of the chemical displacement (DCD) that was first
presented in Hartwig et al. (2018). The DCD is an ana-
lytical estimate based on the theoretical elemental yields of
SNe and predicts parameter ranges of elemental abundances
that are favourable for mono-enriched stars or ranges that
are disfavoured.
When two different SNe contribute to the metal enrich-
ment of the interstellar medium (ISM), the resulting elemen-
tal abundances are different from the original abundances
of each individual SN. This displacement of chemical abun-
dances can be illustrated by two vectors from the yields of
the two original SNe to the yields of the resulting composi-
tion. The vectors are N -dimensional objects for N different
elemental abundances with the components of each vector
defined as
vi = [Xi/Fe]mix − [Xi/Fe]SN, (2)
where Xi is the abundance of the i-th element (1 6 i 6
N) and ‘SN’ and ‘mix’ refer to the abundance ratios of the
individual SN and of the mix with a second SN, respectively.
For 25 different Pop III SNe in the mass range 10 −
40 M and 140 − 150 M we determine the corresponding
252 vectors of possible SN pair mixing combinations. The
upper limit of the mass range has been chosen to repro-
duce the metallicity distribution function and the fraction
of carbon-enhanced metal-poor stars in the MW (Hartwig
et al. 2018). The SN progenitor masses are chosen to sample
a logarithmically flat IMF. The total number of 25 results
from the constraint that we want 40% of core-collapse su-
pernovae to be represented by at least 8 different faint SNe.
We have verified that neither the total number of SNe nor
the shape of the IMF qualitatively affect the DCD-based
prediction, as long as the desired mass range is covered.
Then, we calculate the divergence of this vector field
by applying Gauss integral theorem. The divergence gen-
erally quantifies the sinks and sources of a vector field or
in terms of our chemical displacement it is positive in re-
gions dominated by the yields of single SNe and negative
in regions dominated by the mixture of several SNe. Conse-
quently, a positive DCD is an indicator of mono-enrichment
c© 2018 RAS, MNRAS 000, 1–8
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Figure 1. DCD as a function of the abundances of calcium and
magnesium relative to iron overplotted with the observationally
derived values. We see a clear separation into regions with a pos-
itive and negative DCD and all but one star have a positive DCD
in this representation. J1035+0641 has no magnesium measure-
ment and can therefore not be compared. For the final diagnostic,
we include all available elements, which will change the DCD val-
ues compared to this example based on only two elements.
and a negative DCD indicates abundances typical for multi-
enrichment. A region of negative divergence can also contain
mono-enriched stars, which are difficult to distinguish from
multi-enriched ones. For example, the chemical signature of
a pair-instability supernova (PISN) with high absolute metal
yields is very close to the signature of the same PISN com-
bined with the yields of a faint SN with significantly smaller
metal yields. The chemical composition of the resulting en-
riched ISM is dominated by the PISNe but the stars that
form out of this gas have to be considered as multi-enriched.
As for the semi-analytical model, we smooth the distribution
of the DCD on a scale of 0.5 dex to account for theoretical
and observational uncertainties.
For each observed EMP star the numbers of available
elements differ, depending on the quality and wavelength
coverage of the spectrum. The divergence has the convenient
property that it naturally increases with the number of di-
mensions, i.e. available elements. An EMP star with more
abundances known is therefore expected to show a more pro-
nounced tendency towards positive or negative values of the
DCD. We exemplarily show the DCD in two dimensions for
calcium and magnesium in Fig. 1. We chose calcium and
magnesium because they are available for all but one star
in our sample. Based on this analysis on two elements only,
J0140+2344 seems to be multi-enriched and J1349+1407 has
a DCD close to zero with little constraining power because
its abundances are too far from the input yields from theo-
retical SNe. The remaining four EMP stars have a positive
DCD and are likely to be mono-enriched if we only consider
calcium and magnesium. Note that we use all available ele-
ments for the final diagnostic and this representation based
on two abundance ratios is for illustration purpose only.
The DCD provides an independent, flexible, and com-
putationally more efficient diagnostic compared to the semi-
analytical model. It depends only on the assumed yields of
the SNe and provides values close to zero, i.e. with little con-
straining power, if the observed abundances lie in a sparsely
sampled region.
2.3 Abundance Fitting
The observed abundances are fitted with supernova yields
of Pop III stars by the procedure similar to that adopted
in Ishigaki et al. (2018). The Pop III supernova yield mod-
els is searched among five different masses (13, 15, 25, 40,
and 100 M) for the Pop III progenitor stars. In this paper,
we assume that these stars explode as core-collapse super-
novae with explosion energies E51 = E/10
51 erg = 0.5, 1, 10,
30, and 60 respectively. This is analogous to the progenitor
mass-explosion energy relation inferred from local supernova
observations (Nomoto et al. 2013). Pop III stars with an ini-
tial mass of 100 M are thought to undergo pulsational pair
instability, while neither of their final fates nor metal yields
have been well established. We have included the yield model
for a 100 M Pop III star which explodes as a core-collapse
supernova with high explosion energy (E51 = 60) in order
to take into account a possible metal ejection from such ex-
plosions (Ohkubo et al. 2009).
We adopt the mixing-fallback model (Umeda & Nomoto
2002; Tominaga et al. 2007) to calculate the elemental yields
with the amount of mixing and the ejected fraction as free
parameters. The values of χ2 are then calculated with four
free parameters: Pop III mass, outer boundary of the mixing
zone, a fraction of ejected mass in the mixing zone, and the
hydrogen-mass that dilute the ejected metals.
We have used the [X/H] values obtained by Bonifa-
cio et al. (2018), and adopt uncertainties in the range
0.1− 0.3 dex depending on the elements as in Ishigaki et al.
(2018). For J1035+0641, for which only C and Ca measure-
ments are available, we assume [Ca/Fe] = 0.4 and thus
[Fe/H] = −5.23. The assumed [Fe/H] value is consistent
with the upper limit ([Fe/H] < −5.2) obtained by Boni-
facio et al. (2018). Titanium and scandium are known to be
under-produced in 1D calculations of supernova nucleosyn-
thesis compared to those observed in EMP stars (Tominaga
et al. 2007; Sneden et al. 2016). One reason may be that
these elements are synthesised through other channels, such
as the neutrino process (Kobayashi et al. 2011) or jetted SNe
(Tominaga 2009). We therefore treat the theoretical yields
of titanium and scandium as lower limits.
3 RESULTS
We show the probabilities for mono- and multi-enrichment
based on the semi-analytical model in Fig. 2. The verti-
cal axis corresponds to the probability of mono-enrichment
(Eq. 1). The black star illustrates the observationally derived
value and the blue contours show the probability distribu-
tion within 0.5 dex of this value. Six of seven EMP stars are
more likely to be multi-enriched according to this analysis.
Only the most metal-poor star of this sample, J1035+0641,
yields pmono > 50%. This star has the lowest metallicity in
our sample with [Fe/H]< −5.2. Interestingly, we do not use
this information but only elemental ratios relative to iron.
It is rather its high ratio of [C/Fe]> 3.87 that is a strong
indicator for mono-enrichment.
In Fig. 3 we compare the probabilities from the semi-
analytical model to the DCD. We show this comparison for
the seven TOPoS EMP stars in blue and for the theoretical
SN yields that we have used as input in both models in or-
ange. The probability for mono-enrichment and the DCD are
c© 2018 RAS, MNRAS 000, 1–8
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Figure 2. Probability distributions for mono-enrichment. The
black stars mark the probability for the observationally derived
abundances and the blue contours illustrates the probability den-
sity for values within 0.5 dex of this derived abundance.
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Figure 3. Comparison of the DCD with the prediction from the
semi-analytical model. The error bars indicate the maximum scat-
ter within 0.5 dex of the observed chemical abundance. We slightly
offset the values around a divergence of zero for the sake of clar-
ity. The orange squares represent the theoretical yields of different
Pop III SNe (see Tab. 1) that were analysed by our diagnostic as
if they were observed stars. We confirm the general trend that a
negative DCD is an indicator for multi- and a positive value for
mono-enrichment. There seems to be an indication of a bimodal
distribution, however, the uncertainties in the data together with
the small sample size do not allow to draw any firm conclusions.
difficult to compare directly due to their very different range
of values. However, the data seem to indicate a bimodal dis-
tribution of pmono with the DCD: for negative values of the
DCD we find 1% 6 pmono 6 5% and for positive values of
the DCD we find 30% 6 pmono 6 50%.
Five stars have a DCD close to zero with only little
constraining power. This means that their abundances are
far from the theoretical model, as it can be seen e.g. from
star J1349+1407 in Fig. 1. Only two stars have a DCD that
is clearly positive (J1035+0641) or negative (J1507+0051).
This demonstrates an advantage of the DCD: it provides
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Figure 4. Best fits models (red) to the observed abundances
(blue). Some models are underconstrained with more free param-
eters than data points. We illustrate this in the third panel by ad-
ditionally plotting the next best fitting models. For J1035+0641,
we treat the [C/Fe], [Ca/Fe] and [Fe/H] values as measured values
rather than upper/lower limits. The most likely progenitor mass
and explosion energies, together with the probability of mono-
enrichment from the semi-analytical model are provided in the
upper right corner of each panel.
values close to zero if the observed abundances are only
marginally within the uncertainties of the model. However,
this prediction can only be as reliable as the underlying the-
oretical SN yields and if our model does not cover all varia-
tions of different SN this can lead to a DCD close to zero.
None of the orange points corresponds to pmono = 100%,
although this could be expected by construction of the
model. This is due to the theoretical and observational un-
certainties: even if we observe an EMP star, whose chemical
abundances match exactly those of a model Pop III SN, un-
certainties prevent an identification with 100% reliability.
Improvements in the theoretical SN yields and high resolu-
tion spectroscopy will help to improve these predictions.
Under the assumption that the stars formed out of gas
that was enriched by only one progenitor SN, we deter-
mine the most likely mass of its Pop III progenitor star
and present the results in Fig 4. The distribution of progen-
c© 2018 RAS, MNRAS 000, 1–8
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itor masses and SN explosion energies agrees qualitatively
with the results of Ishigaki et al. (2018). However, we have a
smaller statistical sample and find that six of the seven stars
are likely to be multi-enriched and their derived progenitor
properties have therefore to be treated with caution.
In Table 1 we summarize and compare the results for
all three diagnostics. J1035+0641 with the lowest metallicity
of this sample has the highest probability for mono enrich-
ment and J1507+0051 with the highest metallicity has the
lowest probability. Although such a correlation is expected
(Hartwig et al. 2018) the other five stars do not follow such
a monotonous trend between the metallicity and the likeli-
hood for mono-enrichment .
4 DISCUSSION
The majority of stars in this sample is most likely to be
multi-enriched, which allows speculations about the multi-
plicity of the first stars. A natural explanation for the dom-
inance of multi-enriched EMP stars is that the first stars
form in clusters, as advocated by various numerical simula-
tions (Turk et al. 2009; Stacy et al. 2010; Greif et al. 2011;
Clark et al. 2011; Hirano et al. 2014; Hartwig et al. 2015).
We have chosen to analyse the EMP stars from the TOPoS
survey due to their recency and the small sample allows to
test, calibrate, and improve our diagnostic. It is a homo-
geneous sample of lowest metallicity turn-off stars, which
are unevolved stars and therefore their atmospheric abun-
dances are less likely affected by internal mixing. Thus, they
are most suitable for the purpose of examining chemical en-
richments purely by the first stars. However, the statistics of
this sample is very small with only one star that has a clear
positive DCD, indicating mono-enrichment. Moreover, other
cosmic scenarios for multi-enrichment are possible, such as
EMP star formation after the merger of two haloes that
both experienced enrichment by a single SN. A future anal-
ysis with an improved diagnostic and better statistics is re-
quired to constrain the multiplicity of the first stars based
on multi-enriched EMP stars.
Our prediction can only be as reliable as the underlying
theoretical model for the nucleosynthetic yields of Pop III
SN explosions. There are differences of & 0.5 dex for the
elemental ratios relative to iron for independent models in
the literature (Tominaga et al. 2007; Heger & Woosley 2010;
Limongi & Chieffi 2012; Nomoto et al. 2013). We include
this theoretical together with the observational uncertainty
as a constant smoothing kernel. We do not include other
enrichment channels in our model, such as mass transfer
from AGB stars or neutron star mergers, which is justified
because there is no measurement for s- or r-process elements
in the surface abundances of these stars, which would require
such additional enrichment channels. Since we do not cover
all possible enrichment channels, the probability of multi-
enrichment, pmulti = 1 − pmono, should therefore rather be
interpreted as the probability for not being mono-enriched
by Pop III SNe. Moreover, for the calculation of the DCD
we only use 25 different SN, which may not cover all possible
variations of SNe regarding explosion energies, asymmetry,
and mixing efficiencies.
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Figure 5. DCD for all elements from carbon to zinc relative
to iron. Elements that are detected in at least one of the seven
EMP stars from the TOPoS survey are shown in solid, other ele-
ments with dashed lines. This representation illustrates the most
informative elements in order to distinguish mono- from multi-
enriched EMP stars. High absolute values and far separated ex-
trema are beneficial for this diagnostic, as for sodium, carbon, or
aluminium. Additional observed abundances of e.g. neon, copper,
or zinc can further help to improve the diagnostic.
4.1 Most informative elements
In addition to its diagnostic power for observed EMP stars,
the DCD can also be used as a tool to predict the constrain-
ing power of observed elements. We therefore calculate the
DCD in one dimension for various elements and compare
their predictive power in Fig. 5. Amongst the elements that
are already available for at least some of the seven EMP stars
from the TOPoS survey, sodium, carbon, and aluminium
provide the highest and lowest values of the DCD and are
therefore the most informative elements. We confirm earlier
results that carbon, magnesium, and their ratio contain valu-
able information to discriminate mono- from multi-enriched
stars (Hartwig et al. 2018; Placco et al. 2018). Future obser-
vations of these elements will help to obtain more reliable
estimates on the enrichment history of these stars.
Silicon, titanium, and chromium, on the other hand, do
generally not provide any additional information because
the minima and maxima of their 1-dimensional DCD are
c© 2018 RAS, MNRAS 000, 1–8
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available prob. mono-enrichment div(chemical displacement) progenitor ESN
[Fe/H] elements min best max min best max mass χ2/DoF 1051 erg
J0140+2344 −4.0 12 0% 16% 32% −0.57 −0.18 0.33 25 M 9.6 10
J1034+0701 −4.0 9 0% 25% 49% −14 −1.7 7.0 15 M 1.2 1
J1035+0641 < 5.2 3 20% 53% 100% 20 37 67 40 M DoF< 0 10
J1247−0341 −4.0 6 0% 23% 49% −11 1.1 19 15 M 2.8 1
J1349+1407 −3.6 12 0% 32% 76% −0.16 −0.12 1.7 25 M 4.8 10
J1442−0015 −4.4 7 0% 21% 47% −29 −5.9 3.6 15 M 1.1 1
J1507+0051 −3.4 7 0% 4.2% 91% −736 −377 −42 25 M DoF= 0 10
faintSN1 – 12 0% 6.0% 89% −22 3.2 3.2 – – 1
faintSN2 – 12 24% 55% 89% 3.3 110 110 – – 1
faintSN3 – 12 0% 37% 50% −1.2 15 15 – – 1
faintSN4 – 12 22% 46% 83% 1.4 42 42 – – 1
CCSN15 – 12 0.1% 4.2% 89% −156 −62 −8.2 – – 1
CCSN25 – 12 0.1% 2.2% 89% −435 −268 −39 – – 1
CCSN40 – 12 0.1% 2.7% 89% −119 −78 −8.3 – – 1
PISN150 – 12 0.1% 26% 32% −6.9 −6.0 2.8 – – 16
Table 1. Summary and comparison of the properties of the seven observed EMP stars from the TOPoS survey and eight different SN
models, which were treated as if they were observed abundances. The columns ‘best’ show the values for the exact elemental abundances
and the ‘min’ and ‘max’ columns provide the range within 0.5 dex of these abundances. The column χ2/DoF provides the reduced χ2 as
a quantification of the fit quality. For two stars the number of degrees of freedom is DoF6 0 and the corresponding results of the fitting
has to be interpreted with caution.
neither very pronounced nor far separated. This is because
the SNe in our model produce all very similar yields of these
elements relative to iron and it is therefore difficult to dis-
criminate mono- from multi-enrichment on their basis. This
is valid in 1D, corresponding to a situation where only the
ratio of this element with respect to iron is available. If addi-
tional elemental lines are detected, elements such as silicon
and titanium can be used as orthogonal estimate to further
improve the diagnostic.
For the elements that are not yet available for these
seven EMP stars, we identify neon, copper, and zinc as
the most informative and promising elements. Also fluo-
rine and nitrogen can be very helpful because they have
a positive DCD for the large range of −2 .[F/Fe]. 3 and
−1 .[N/Fe]. 3, respectively.
4.2 Observational prospects
The TOPoS survey focuses on turn-off stars, which are
brighter compared to the majority of other Galactic halo
stars. While this allows to survey also rare populations of
stars in sufficient number, the high effective temperatures
result in weaker metal absorption lines, compared to cooler
stars. Therefore, the detection of elemental abundances with
sufficiently high signal-to-noise ratios is more challenging.
For the seven EMP stars from the TOPoS survey, an addi-
tional measurement of sodium for five of the stars, a mea-
surement of magnesium for J1035+0641, and of carbon for
J1507+0051 would further improve our diagnostics.
Copper, zinc, and nitrogen are promising additional el-
ements to better constrain the nature of EMP stars and con-
sequently of the first stars in the Universe with ground-based
observations. The Cui UV resonance lines at 324.7 nm and
327.3 nm are strong and have been measured in CD−38 245
providing log(Cu/H)+12 = 0.04 ± 0.10 (Andrievsky et al.
2018). The Zn abundance has been measured for EMP stars
down to metallicities of [Fe/H]≈ −4 (Cayrel et al. 2004;
Bonifacio et al. 2012), using the Zni line at 481 nm. Nitro-
gen can be traced down to very low abundances using the
UV NH band at 336 nm (Collet et al. 2006). On the contrary,
neon and fluorine, which we also identify as very informa-
tive elements, are very difficult to detect, especially at the
relevant low abundances for EMP stars (Li et al. 2013).
The most promising absorption lines that we identify
to help further discriminating between mono- and multi-
enriched stars are in the near-UV (∼ 300 − 500 nm). The
most informative elements, copper and zinc, can be ob-
served with e.g. the Space Telescope Imaging Spectrograph
on board the Hubble Space Telescope (Roederer & Barklem
2018) with phosphorus and sulphur in the same spectral
range (Roederer et al. 2016). Future spectrographs in the
UV to detect these elements are e.g. CUBES (Barbuy et al.
2014), the Ultraviolet Multi-Object Spectrograph (LUMOS,
France et al. 2017) on board the future LUVOIR space tele-
scope, or the UV spectrographs on HabEx or CETUS, two
further mission in their concept planning phase (Mennesson
et al. 2016; Heap & CETUS Team 2017).
5 SUMMARY AND CONCLUSION
We present formation scenarios for seven recently observed
EMP stars from the TOPoS survey (Bonifacio et al. 2018).
Due to their low metallicity, the stars are very likely to have
formed in the early Universe, after only one previous gener-
ation of Pop III star formation. We interpret the chemical
fingerprint in their stellar atmospheres as signature of the
first stars and derive the properties of their progenitors.
We provide for the first time probabilities of mono-
enrichment. Although most numerical simulations of primor-
dial star formation find that Pop III stars form in clusters
and should give rise to several SNe per minihalo, most abun-
dance fitting models of EMP stars assume only the yields of
one progenitor SN. Six of seven EMP stars are likely to be
multi-enriched and their derived progenitor properties need
to be interpreted by including the corresponding probability
for multi-enrichment.
For individual stars we find that very likely J1035+0641
c© 2018 RAS, MNRAS 000, 1–8
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is mono-enriched and J1507+0051 is multi-enriched. This
conclusion is independently derived with two different diag-
nostics: first, based on a semi-analytical approach that mod-
els the formation of the first and second generation of stars
based on MW-like dark matter merger trees. And second,
based on the DCD, which shows clear trends, even within
the uncertainty margins. These two stars have the lowest and
highest metallicity in the sample. However, the evolution of
the probability for mono-enrichment with the metallicity is
not monotonous.
We identify the most informative elements to discrim-
inate mono- from multi-enrichment. Sodium, carbon, and
aluminium provide the highest information gain among the
elements that are already available for some of the seven
stars. Additional measurements for copper, zinc, and nitro-
gen in the near UV will improve the model prediction.
We demonstrate that the likelihood for mono-
enrichment can be independently derived with the di-
vergence of the chemical displacement, first proposed in
Hartwig et al. (2018). This new diagnostics is computation-
ally cheaper, more flexible, and requires less assumptions on
the physical model of star formation in the early Universe
than the semi-analytical model. A positive DCD corresponds
to pmono & 20%. We can never be sure to 100% that an
EMP star is mono-enriched. Even if we observe abundances
that exactly match predicted elemental yields from a Pop III
SNe the observational and theoretical uncertainties prevent
such a strong conclusion. Future improvements on the the-
oretical models of SN yields and on observationally derived
abundances can minimise this effect and allow for tighter
constraints.
We derive the predictive power of two independent di-
agnostics to discriminate between mono- and multi-enriched
EMP stars, based on their elemental abundances. Additional
observations, especially in the near-UV, can help to further
improve the constraints. In a future study, we plan to ap-
ply this diagnostic with improved theoretical SN yields to
a larger sample of EMP stars to derive statistically sound
predictions on the nature of the first stars.
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